Abstract: A simple and effective strategy for designing a ratiometric fluorescent nanosensor was described. A carbon dots (CDs) based dual-emission nanosensor for chromium speciation analysis was developed by coating CDs on the surface of dye-doped silica nanoparticles. The fluorescence of the resulting dual-emission silica nanoparticles was quenched in acetic acid through potassium bromate (KBrO 3 ) oxidation. Cr(VI) was able to catalyze KBrO 3 oxidation, resulting in ratiometric fluorescence accelerated quenching response of the dual-emission silica nanoparticles. Several important parameters affecting the nanosensor performance, including acid type, concentrations of KBrO 3 , and reaction temperature and time were examined. Under the optimized conditions, the detection limit of the nanosensor towards Cr(VI) reached 1.3 ng mL −1 , and pretty good linearity was obtained between 20 to 500 ng mL −1 . More importantly, the sensor was found suitable for speciation analysis of both Cr(III) and Cr(VI) in different water samples with satisfactory results.
Introduction
During the last decades, the release of effluents containing high amounts of chromium and other heavy metals increased as anthropogenic activities rose. Ore dressing, leather tanning, and metal plating or printing constitute the major sources of chromium release into the environment. 1 The two most prevalent forms of released chromium ions are Cr(III) and Cr(VI). 2 The hexavalent form (Cr(VI)) is more hazardous to human health due to its elevated solubility and ability to interact with body cells. Consequently, the concentration of Cr(VI) in potable water is mandatorily controlled by governments to the micromolar level. For instance, the United States Environmental Protection Agency (EPA) announced that even 0.1 mg L −1 Cr in potable water might result in health risks. 3 The World Health Organization (WHO) stated that even 50 g L −1 of Cr(VI) could induce high risk of carcinogenicity and genotoxicity. 4 With respect to trivalent chromium (Cr(III)), the ion is considered an essential micronutrient to humans and other mammals due to its important role in hormonal regulation, as well as metabolism of sugars, lipids, and proteins. 5, 6 The WHO proposed safe and adequate intake levels of Cr(III) ranged from 1 to 4 mol per day. 7 However, deficiency and excessive ingestion of Cr(III) could greatly increase the risk of diseases. 8, 9 To monitor the quality of drinking water and lower risks of industrial wastes, analytical methods with high sensitivity and a fast response are required to ensure adequate Cr determination at low levels. To this end, various analytical methods have been developed to quantify Cr levels in different sample matrices, including atomic absorption spectrometry (AAS), 10 inductively coupled plasma atomic emission spectrometry/mass spectrometry (ICP-AES/MS), 11, 12 chemiluminescence, 13 and chromatography. 14 These methods offer reasonable sensitivities and selectivities at the expense of their high cost and complicated procedures.
Therefore, the development of simpler, rapid, and sensitive methods for Cr speciation analysis is highly desirable. In this view, fluorescence probes for detection of Cr speciation look an interesting alternative in terms of high sensitivity, high selectivity, and easy operation. Recently, some fluorescence probes and nanomaterials have been applied to Cr(III) detection. [15] [16] [17] [18] However, only fewer chemosensors for determination of Cr(VI) were reported. [19] [20] [21] [22] Carbon quantum dots (CDs) have extensively been investigated as fluorophores for sensitive and selective detection of heavy metal ions like Cr 6+ , Hg 2+ , and Cu 2+ , [23] [24] [25] [26] as well as species like NO 2 −27 and organic compounds such as glucose tetracycline glyphosate. [28] [29] [30] This is due to the superior fluorescent properties of CDs combined with their easy preparation and low cost. Overall, CDs have great potential for application in fluorescence-based analytical tools. 31, 32 Recently, dual-emission fluorescent nanoparticles used for ratiometric fluorescence detection have attracted significant attention in recent years and are simply obtained by combining two different fluorophores in one nanoparticle, one fluorophore as the reference and another as the signal reporting unit. 23, [33] [34] [35] [36] [37] Compared with organic fluorophores, dual-emission fluorescent nanoparticles do not need elaborate molecular design and complex synthesis, and designing and constructing a ratiometric fluorescence probe becomes simpler and more efficient.
In this study, a ratiometric fluorescence probe was prepared by grafting CDs and rhodamine (RhB) onto silica nanoparticles. The resulting sensor was optimized for the determination of Cr(VI) thanks to the enhanced quenching effect attributed to the catalytic oxidation reaction of fluorophores on the nanoparticles in presence of Cr(VI). The obtained sensor was successfully applied for the determination of Cr(VI) in water samples with satisfactory results.
Experimental and methods

Apparatus and reagents
The fluorescence response was measured using a Varian Cary Eclipse fluorescence spectrophotometer. Transmission electron microscopy (TEM) was recorded using a JEM-2011 TEM. Fourier transform infrared (FTIR) spectra in KBr were collected on a WQF-510 FTIR spectrometer (Beijing Rayleigh Analytical Instrument Co, Ltd, Beijing, China). Measurements of the ultraviolet spectra were recorded on a UV-2450 spectrophotometer (Shimadzu Corporation).
N-(␤-aminoethyl)-␥-aminopropylmethyldimethoxysilane (AEAPMS), aminopropyltriethoxysilane (APTES), rhodamine B (RhB), and anhydrous citric acid (AR) were purchased from Aladdin. Tetraethoxysilane (AR) and potassium bromate (AR) were from Sinopharm Chemical Reagent (Shanghai, China). Potassium dichromate (K 2 Cr 2 O 7 , AR) and chromium trichloride (CrCl 3 , AR) were obtained from J&K Scientific (Beijing, China). Ethanol, anhydrous citric acid, NH 4 OH, HAc, and other reagents were all from Beijing Chemical. Ultrapure water (18 M⍀ cm -1 ) was used in all the experiments and was obtained using a milliQ system.
Preparation of CDs-coated dual-emission silica nanoparticles
The CDs-coated dual-emission silica nanoparticles were prepared according to published methods. 23, 38 The preparation procedure included three main steps shown in Fig. 1 . The organosilane functionalized CDs were first prepared by pyrolysis of anhydrous citric acid in AEAPMS. Then, 2.0 mL AEAPMS were placed into a 50 mL threenecked flask, and when the temperature reached 230°C with heating, 0.1 g anhydrous citric acid was quickly added to the solution with vigorous stirring. The mixture was kept at the temperature for 1 min. The final products were purified by precipitation with petroleum ether three times, and the obtained product (0.4 mL) was suspended in 1.6 mL ethanol.
Preparation of RhB-doped silica nanoparticles
RhB was pre-coupled with APTES through the reaction between the carboxylic group of rhodamine and the amino group of APTES in ethanol under constant stirring for 24 h at room temperature. The obtained RhB-APAES solution (2 mL), TEOS (500 L), and ammonia (1 mL) were added to ethanol (40 mL), and the mixture was left under constant stirring at room temperature for 8 h. Next, TEOS (800 L) was added to the mixture and stirred at room temperature for 24 h, followed by centrifugation. The resulting silica nanoparticles were then collected, washed three times with ethanol, and ultrasonically dispersed in 40.0 mL ethanol for 20 min. TEOS (100 L) and ammonia (500 L) were added to the suspension and stirred for 24 h at room temperature. The formed dye-doped silica nanoparticles were finally collected by centrifugation, washed three times with ethanol, and then, redispersed in 40.0 mL ethanol.
Preparation of CDs-coated dual-emission silica nanoparticles
A volume of the above obtained dye-doped silica nanoparticles (40.0 mL) was mixed with ammonia (500 L), and the mixture was ultrasonically stirred for 10 min followed by magnetic stirring for another 10 min. CDs (100 L) were then added to the mixture followed by further stirring for 15 h at room temperature. The reaction mixture was finally centrifuged, and the obtained CDscoated dual-emission silica nanoparticles were washed three 
Analytical procedures
First, a 1.0 mL solution of CDs-coated dual-emission silica nanoparticles (10 mg mL −1 ) was mixed with 1.0 mL H 2 SO 4 (2.0 mol/L) and 0.30 mL KBrO 3 (6.0 × 10 −5 mol/L) in 10 mL graduated tube. A certain amount of Cr(VI) standard solution (or sample solution) was added to the test tube followed by dilution with ultrapure water to the required volume. The obtained mixture was thoroughly shaken and then left to rest for 15 min in a water bath at 60°C. The test tubes were finally cooled down to room temperature using flowing cold water, and fluorescence values were collected. For comparison, a reagent blank was prepared without addition of Cr(VI) standard solution or sample solution.
The 
Sample preparation
Several water samples were collected from the Zhengzhou city in China and were filtered and then analyzed. For Cr(VI) determination, the filtered water samples were analyzed according to the aforementioned analytical procedure.
The total Cr(VI) was quantified by the procedure described above after oxidizing Cr(III) to Cr(VI) performed by adding H 2 SO 4 (0.2 mol/L, 0.1 mL) and KMnO 4 (0.2 mol/L, 0.1 mL) to the test solution placed in a water bath (50°C) for 20 min. 39 Next, the excess oxidant was removed from the mixture by adding proper amounts of hydrogen peroxide. The obtained solution was then heated to boil to evaporate the hydrogen peroxide. The Cr(III) levels were calculated by subtracting Cr(VI) concentrations from total chromium.
Results and discussion
Characterization of CDs-coated dual-emission silica nanoparticles
The CDs-coated dual-emission silica nanoparticles were prepared by the reaction between the amine and carboxyl groups. The successful completion of the amidation reaction was confirmed by FTIR of the reaction products, which showed typical signals of C=ONR vibration at 1654 cm −1 (C=O) and 3456 cm −1 (N-H). The peaks at 800 and 1100 cm −1 could be attributed to the Si-O and Si-CH 2 stretching vibrations, respectively. These data clearly demonstrated the successful synthesis of CDs-coated dualemission silica nanoparticles. The TEM images estimated the average diameter of the resulting CDs-coated dual-emission silica nanoparticles to ϳ100 nm (Fig. 2) .
Sensing mechanism of ratiometric nanosensor towards Cr(VI)
The fluorescence spectra of the obtained CDs-coated dual-emission silica nanoparticles -H 2 SO 4 -KBrO 3 -Cr(VI) systems are gathered in Fig. 3 . The CDs-coated silica nanoparticles showed two emission peaks (460 nm and 572 nm) at the single excitation wavelength of 360 nm. These peaks were assigned to emissions induced by CDs (460 nm) and RhB (572 nm). Figure 3 also depicted that the fluorescence signals of both emission peaks were slightly quenched by the oxidation effect of KBrO 3 in acidic media. However, great enhancements in the fluorescence quenching effect were noticeable when Cr(VI) was added to the system in presence of a certain amount of citric acid. Furthermore, higher Cr(VI) concentrations induced greater fluorescence quenching effect, which could be related to Cr(VI) acting as a catalyst for the oxidation reaction between KBrO 3 and CDs-coated silica nanoparticles. In other words, the oxidation kinetics of the dual-emission fluorescent nanoparticles by KBrO 3 were accelerated in presence of Cr(VI). The degree of acceleration (⌬F 460 /⌬F 572 ) varied linearly as a function of the Cr(VI) concentration.
It can be clearly known that most indicator reactions for kinetic-catalytic determination of trace metal ions are based on oxidation-reduction reactions in which the catalyst that is usually a multi-charged ion changes its oxidation state during the reaction in a cyclic way: 40 (
where the Red and Ox stand for the reactants of a redox system, and P and Q are the reaction products. When M (n+1)+ is a catalyst, it accelerates the formation of the product P and is then reduced to a lower oxidation state, M n+ . As the concentration of the catalyst is directly proportional to the rate of reaction, the reaction rate can be used for the determination of the catalyst. This is the principle of the kinetic-catalytic determination of the catalyst.
Optimized measurement conditions
For the system containing 300 ng mL −1 Cr(VI), the effects of acid type and its concentration, levels of citric acid and KBrO 3 , and reaction temperature and time on the fluorescence quenching effect for the system were investigated using an univariate approach.
Selection of acid media and its concentration
As the acidity of the media affects oxidation processes, KBrO 3 was used as a strong oxidant in acidic media. Cl − ions have also been reported as a possible catalyst for the oxidation reaction of bromate. 41 Therefore, the effect of acid type on ⌬F of the system was investigated in H 2 SO 4 and H 3 PO 4 media. Figure 4 clearly showed that ⌬F was larger in H 2 SO 4 than in H 3 PO 4 media. Therefore, H 2 SO 4 was selected as the reaction medium.
The concentration of H 2 SO 4 was also optimized, and the results are gathered in Supplementary Fig. S1 . It can clearly be observed that the 0.2 mol/L H 2 SO 4 media yielded a maximum ⌬F 460 and the ⌬F 572 changed slightly within the testing range of H 2 SO 4 concentration. Therefore, a 0.2 mol/L H 2 SO 4 concentration was selected as the optimized reaction medium.
Effect of KBrO 3 concentration
According to the sensing mechanism, the concentration of the oxidant (KBrO 3 ) affects ⌬F of the catalyzing system. Hence, KBrO 3 constitutes the sensitivity determining factor of the method. The effect of KBrO 3 was investigated by varying its concentration from 6.0 × 10 −7 to 4.2 × 10 −6 mol/L, and the data are plotted in Fig. 5 . The maximum ⌬F 460 of the catalyzing system was obtained at KBrO 3 of 1.8 × 10 −6 mol/L; however, ⌬F 460 sharply decreased as the concentration of KBrO 3 further increased. ⌬F 572 depicted a similar decreasing trend with the increase of KBrO 3 . Hence, 1.8 × 10 −6 mol/L KBrO 3 was selected as the optimal oxidant concentration.
Effects of reaction temperature and time
The effects of both the reaction temperature and time on the catalyzing system were investigated (Fig. 6) . ⌬F 460 increased as the temperature rose, which was then followed by an obvious decline in ⌬F 460 at higher temperatures up to 60°C. However, ⌬F 572 varied slightly at reaction temperatures between 30°C and 70°C. This was probably induced by the catalysis effect due to oxidation of CDs, which was more efficient at higher temperatures up to 60°C. Thus, 60°C was selected as the optimal reaction temperature.
The reaction time was evaluated at the optimal reaction temperature according to the experimental methods. The results indicated that 15 min was sufficient to reach maximum ⌬F 460 and ⌬F 572 and that ⌬F greatly declined for longer reaction periods. Consequently, 15 min was selected as the optimal reaction time and was used in subsequent studies.
Interference experiments
The effects of potential interferences from some metal ions on the Cr(VI) sensing system were evaluated. Solutions containing Cr(VI) (300 ng mL −1 ) and selected interferences were tested according to recommended procedures under the optimized conditions. The tolerance limits of coexisting materials, defined as the maximum concentration to achieve <5% variation in fluorescence intensities of both emission peaks, are listed in Table 1 . It can be seen that most metal ions exhibited high tolerance limits, demonstrating that the sensing system was fairly selective. 
Analytical performance
Under the optimal conditions, the concentration of Cr(VI) showed a linear trend as a function of ⌬F 460 /⌬F 572 in the range of 20-500 ng mL −1 (⌬F 460 /⌬F 572 = 2.8153 + 0.00956C). The detection limit (3) determined according to IUPAC was 1.3 ng mL −1 for Cr(VI), and the relative standard deviation (RSD) was 4.2% (c = 60 ng mL −1 , n = 7). Compared with other reported Cr(VI) probes based on CDs, this method had a comparable detection limit with higher selectivity. 19, 20 
Analysis of real samples
The standard calibration curve was employed to analyze real water samples. The proposed method was applied for the determination of Cr(VI) and Cr(III) levels in different water samples. The analytical data and recovery values of four water samples are listed in Table 2 . The recovery values were found to be between 91.0% and 104.2%, demonstrating the accuracy of the proposed method.
Conclusions
A sensitive ratiometric fluorescence nanosensor was developed for determination of Cr(VI) levels using the KBrO 3 oxidizing effect of CDs-coated dual-emission silica nanoparticles. The catalyzed sensing system showed promise in terms of rapid detection, good selectivity, high sensitivity, and extended linear response range. The potential applications of the proposed method were demonstrated through determination of chromium speciation in real water samples.
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